Disentangling the surface and bulk electronic states of the Rashba spin-splitting BiTel 
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We report the observation of Shubnikov-de Haas (SdH) oscillations in single crystals of the Rashba 
spin-splitting compound BiTel, from both longitudinal (R XX (B)) and Hall (R xy (B)) magnetoresistance. 
Under magnetic field up to 18 T, we found only one frequency F = 281 ± 7 T, corresponding to a Fermi 
momentum kp w 0.1 A -1 . Angle dependent study strongly suggests that oscillations originate from 
surface carriers. Combining SdH effect and optical spectroscopy, we demonstrates the existence of two 
distinct electronic systems: a surface, highly two-dimensional one that give rise to quantum oscillations at 
lower magnetic field and a second bulk system, that dominates the optical and transport properties. 

PACS numbers: 74.25.Ha, 74.78.-w, 78.20.-e, 78.30.-j 



The claim of a large Rashba spin-splitting of the bulk 
electronic bands in BiTel is based on a combination of 
theoretical calculations and photoemission spectroscopy 
(ARPES) (TJ. Strong spin orbit interaction, originating 
from the presence of Bi with its large atomic number, and 
the absence of a center of inversion in the crystal struc- 
ture give rise to a significant Rashba term in the Hamilto- 

nian J3, H R = cxr ^e z X k^j ■ S, where ot R is the Rashba 

parameter characterizing the strength of the effect, e z is 
the direction along which the inversion symmetry is bro- 
ken, k represents the momentum, and S is the spin of the 
electrons. The significance of the a R parameter becomes 
more clear if we look at the effect of the Rashba term 
on the energy of a free electron system, which becomes 
E± = h 2 k 2 /(2m*) ± |a^|/c. The result is that electron 
energies are split between those with spin up (+) and spin 
down (-) in a plane perpendicular to e 2 , as sketched in the 
upper inset of Fig.[TJa). The momentum and energy split- 
ting both depend on the parameter a R . 

The Rashba effect is of particular interest for the field 
of spintronics, where one aims to manipulate the spin of 
electrons for potential applications; moreover, a large value 
of cxr is very desirable. Values of a R ~ 3 eVA were 
found for asymmetric Bi/Ag(lll) interfaces |3] 0J. Re- 
cently, Ref. 1 reported an even larger Rashba splitting, 
o.r = 3.8 eVA, in the bulk electronic bands of BiTel. 
Optical spectroscopy of this compound found indeed an 
electronic excitation spectrum consistent with the split- 
ting of the bulk conduction and valence bands and 
further photoemission study suggested the 3D nature of 
these bands [6|. More recent ARPES reports however, in- 
dicated the reconstruction of the band structure at the Te 
(or I) terminated surface and the existence of surface elec- 
tronic branches, possibly with even larger Rashba spin- 
splitting J7J 0. On the theoretical side, ab-initio calcu- 
lations for BiTeX(X=Cl, Br, I) do claim the formation of 
a surface 2D electron system distinct from the bulk states 
that has a larger Rashba splitting J9). 

Given that the fate of the surface states in BiTel is still a 



debated issue and noting the particular sensitivity of pho- 
toemission experiments to the surface, we measured the in- 
plane longitudinal magnetoresistance R XX (B) and trans- 
verse (Hall) resistance R xy (B) in single crystals of BiTel, 
searching for Shubnikov-de Haas oscillations as an alterna- 
tive route to investigate the Fermi surface. Furthermore, we 
combine the results with optical reflectance data to disen- 
tangle the electronic properties of bulk and surface carriers. 

Single crystals of BiTel were grown by chemical va- 
por transport and Bridgman method. Two samples were 
initially screened and both revealed very similar quantum 
oscillations. Then, a complete study was performed on 
one sample with approximate dimensions 4x6x0.09 mm 3 . 
Gold wires were attached using silver paint and sample 
resistance was measured using a commercial resistance 
bridge. The experiment was performed in the SCM-2 facil- 
ity at the National High Magnetic Field in Tallahassee. The 
facility consists of a top loading 3 He cryostat, with sample 
in liquid and a base temperature of 0.3 K, and an 18-20 
Tesla superconducting magnet. Samples were mounted on 
a rotating probe with an angular resolution better than 1°. 
Optical reflectance measurements were performed at the 
University of Florida. The data for frequencies between 30 
and 5000 cvaT 1 (4-620 meV), at temperatures as low as 10 
K, were obtained using a helium flow cryostat mounted on 
a Bruker 113v Fourier spectrometer. Higher frequency re- 
flectance, up to uj ~ 30000 cm -1 was measured at room 
temperature with a Zeiss microscope photometer and used 
to extrapolate the 10 K data for Kramers-Kronig analysis. 

Main panel of Fig. [TJa) shows the high magnetic field 
behavior of R xx at 0.3 K, plotted against inverse field. A 
small modulation, periodic in 1 / B can be directly observed 
in the figure. Moreover, we also found oscillations with 
the same frequency in the transverse resistance R xy . Al- 
though these may be difficult to see in the main panel of 
Fig.[TJb), due to a large Hall coefficient, the oscillatory be- 
havior of the Hall resistance becomes obvious in the inset, 
where we plot dR xy /dB(B). A Fourier transform of these 
data yields a frequency of oscillations F = 281 ± 7 Tesla 
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for the field applied normal to the sample surface. This 
frequency is directly proportional to the area of the Fermi 
surface Sf = 2ireF/H and furthermore to the Fermi mo- 
mentum^ = (S f /tt) 1/2 = 0.092±0.001 A" 1 . Notably, 
this value of kp is comparable to that from some of the 
Fermi surfaces observed in photoemission experiments; it 
is nearly identical to the results from Ref. [TJ and |6j which 
assign it to a bulk conduction branch and agrees within 
50% with the values from Ref. 8 , but for the surface elec- 
tronic bands. Moreover, it also agrees within better than 
50% with the value of k F for the surface states near the 
bottom of the conduction band, obtained from band struc- 
ture calculations 19). 
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FIG. 1. (Color online) (a) Main panel: Longitudinal resistance 
Rxx vs. 1/B at T = 0.3 K for the magnetic field applied normal to 
sample surface. Upper inset: ID representation of a Rashba spin- 
split conduction band showing the momentum (kn) and the en- 
ergy (Eft) splits. Lower inset: Fourier Transform of R xx (l/B). 
(b) Main panel: R xy (B). Upper inset: The field derivative of 
R X y(B), showing the presence of SdH oscillations at high mag- 
netic field. The large noise between 1 and 3 T is due to mag- 
netic flux jumps in the superconducting magnet. Lower inset: (i) 
Sketch of electron orbit in a tilted magnetic field for a 3D Fermi 
surface, (ii) Same for a thin 2D cylindrical Fermi surface, (iii) 
Geometrical representation of a maximum tilt angle above which 
electron orbits of a surface electron system become open. 



The angular dependence of the SdH oscillations provides 
a valuable insight into the dimensionality of the Fermi sur- 
face. A 3D Fermi surface always has closed electron orbits, 
and thus oscillations should be, in principle, observed for 
any angle between the magnetic field and sample surface. 
(See inset (i) of Fig.[TJb)). A quasi-2D Fermi surface (e.g., 
a cylinder) would show oscillations up to relatively large 
angles, provided that their frequency can be measured with 
the highest available magnetic field. In contrast, a strictly 
2D layer backed by a conducting bulk may loose orbital 
coherence if a tilted field drives carriers into the bulk (inset 
(ii) of Fig. [T{b)). 
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FIG. 2. (Color online) Main panel: R X x{B) above 10 T for dif- 
ferent angles between the magnetic field and the sample surface. 
Upper inset: AR XX vs. the magnetic field component along the 
normal to sample surface and a sketch of the sample in tilted mag- 
netic field. Lower inset: Angle dependence of the oscillation fre- 
quency (symbols) and fit to 1/ cos(0) (dashed line). 

The main panel of Fig. [2] shows the high magnetic field 
behavior (above 10 T) of R xx for different angles 9 be- 
tween the field and the sample surface, like sketched in the 
upper right inset. It can be visually observed that the os- 
cillations are rapidly suppressed with increasing 9 and that 
they are absent above 9 ~ 30° . The angular dependence 
of their frequency, shown in the lower inset of Fig. [2] has a 
1/ cos(#) behavior, indicating a 2D character of the Fermi 
surface, whether it corresponds to bulk or surface electrons. 
The origin of this Fermi surface becomes more clear if we 
look at AR XX , obtained after background subtraction, in 
the upper inset of Fig. [2] First, we notice again the rapid 
decrease of oscillation amplitude with the angle of the mag- 
netic field. Although not shown here, we measured up to 
9 > 90°, rotating the sample both directions with respect 
to the magnetic field and we confirm that oscillations only 
exists for \9\ < 30°. Second, we see that their period 
scales remarkably well with the component of magnetic 
field perpendicular to the sample surface (1/B ■ cos(#)). 
These observations provide strong indication that the os- 
cillations originate from surface carriers rather than from 
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the bulk, similar to the results obtained from surface car- 
riers of 2D structures iflOl and of some of the topological 
insulators ifTTl . 

The surface carrier concentration (for two spin com- 
ponents) can now be written as a function of the SdH 
frequency: ti 2 d = ei 7 / (irh), and we obtain n 2 D 
I . I x 10 13 cm -2 . At least hypothetically, we can esti- 
mate the thickness of the surface electron system. Con- 
sidering a cylindrical Fermi surface with a small height k z 
in momentum space, the orbit of electrons in an applied 
magnetic field will become open, no longer giving rise to 
quantum oscillations, at an extreme angle 6 max , so that 
k z = 2k F t&n(9 max ). (See inset (iii) of Fig. [jjb).) As- 
suming a 9 max ~ 40°, and the value of k F from above, we 
obtain k z ~ 0.15 A -1 . Then, the thickness of the surface 
electronic system t = l/k z is estimated to t ~ 6.5 A, very 
close to the height of one unit cell c = 6.85 A, obtained 
from X-ray diffraction lfT2l[T3l . 

Therefore, these data strongly suggest the existence of 
a 2D surface electron system within the top unit cell of 
BiTel, in agreement with the conclusion of recent band 
structure calculations [9|. We also propose that the split 
branch with k F ~ 0.1 A -1 observed in ARPES experi- 
ments corresponds to surface states, more in line with the 
conclusion of Refs. |7] and [8] It is also worth mentioning 
that some photoemission reports suggests a 3D character 
of the bulk electronic branches J6), which would be con- 
trary to our finding if the oscillations observed in our study 
were to originate from bulk. 




FIG. 3. (Color online) (a) AR XX vs.l/S) (with B above 10 T 
and applied perpendicular to the sample surface) at temperatures 
from 0.3 to 20 K. . The dashed line is a fit of the data at 0.3 K 
to the expression: exp(— 7 To) cos(2ttF/B + tt) as explained in 
the text, (b) Fourier transform of the data from panel (a), (c) 
Amplitude of oscillations at 1/B = 0.06 T _1 for different tem- 
peratures, normalized to the value at 0.3 K (symbols) and a fit to 
the temperature-dependent damping term 7T/sinh(7T), as ex- 
plained in the text (dot-dash line). 

To investigate further the properties of these surface elec- 
trons, we measured the temperature and magnetic-field de- 
pendence of the quantum oscillations. Figure [3ja) shows 
the resistance AR XX (after background subtraction) ver- 
sus inverse field at different temperatures. Oscillations are 




FIG. 4. (Color online) Main panel: K(u) at T = 10 K (con- 
tinuous red line) and a Drude-Lorentz fit (dashed dotted black 
line). Inset: Real part of optical conductivity obtained from the 
Lorentz-Drude fit, from which the bulk DC conductivity and the 
scattering rate of the bulk carriers are obtained. 



visible up to at least 20 K, although significantly damped 
due to the thermal broadening of the quantized Landau 
levels. The effect of temperature is also evident if we 
look at the amplitude of the Fourier transform shown in 
Fig.[3jb). This quantity is expected to follow the Lifshitz- 
Kosevich temperature dependence, jT/ sinh(7T), with 
7 = 14.69m* /m B, where B is the magnetic field, m* 
is the effective mass, and mo the rest mass of the elec- 
tron lfl4l . Figure [3jc) shows that result of the fit to the 
above expression for the amplitude at 1/B = 0.06 T -1 , 
which gives m* = 0.18m . 

At fixed temperature, the amplitude of the SdH oscil- 
lations is enhanced by increasing field (decreasing 1/B) 
as AR XX oc exp(— "fT D ) cos(2irF/B + 7r), where 7 is 
defined above and T D is the Dingle temperature, T D = 
h/ (27rrfc_B), related to the lifetime r of electrons lfl4l . In 
Fig.[3ja) we show the fit of the data at 0.3 K, where it can be 
seen that both the amplitude and the phase are well repro- 
duced by only considering one frequency. We obtain a Din- 
gle temperature T D = 31 K, which in turn gives a lifetime 
t s = 4 x 10~ 14 s, for the surface carriers. Now, we esti- 
mate the surface mobility /j, s = er s /m* s ~ 400 cm 2 /(V-s) 
and the sheet conductance (resistance) G\j ~ 10~ 3 
(R\j ~ 1 kS7). The properties obtained for the surface 
carriers are summarized in Table [i] 

Further characterization of the electronic properties of 
BiTel requires a technique complementary to SdH oscilla- 
tions; one that mostly probes the bulk. Optical reflectance 
is a very suitable tool. The main panel of Fig. |4] shows 
the optical reflectance spectrum 1Z{oj) of the same sample 
at T = 10 K. The data are similar to a previous optical 
study [5 |: there are several features at low frequency asso- 
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TABLE I. Parameters of the bulk and surface carriers 





Surface 


Bulk 


a 


10~ 3 Q.- 1 


1300 fi^cm -1 


H (cm 2 /V-s) 


400 


150 


r(s) 


4x 10" 14 


4.5x 10~ 14 


m* /mo 


0.18 


0.5 


n 


1.4xl0 13 cm- 


- 2 5.8xl0 19 cm" 3 



dated with lattice vibrations, a clear sharp plasma edge at 
about 850 cm -1 (~ 0.1 eV) and broad structure at higher 
frequencies due to interband transitions. 

This reflectance is dominated by the bulk carriers. We 
may estimate the contribution of the surface electrons to 
7Z(uj). The surface carriers contribute an impedance mis- 
match, but this surface impedance is Rq ~ 1 kQ. A free- 
standing thin film with this impedance has a reflectance of 
K= (Z /R n ) 2 /(2 + Zo/Rof ~ 0.02, where Z = 377 
0, is the vacuum impedance (151 . However, we see in 
Fig. [4] that at low frequencies 1Z{ui) ~ 0.96. Also, a few 
Angstrom-thick layer with a surface impedance of Rq ~ 
1 kQ would only attenuate the incident light by about 1% 
in the frequency range of our measurements. Simulations 
show that for a conducting bulk (as we find below) the 
addition of the monolayer-thick conducting surface layer 
changes the reflectance by less than 0.5% (see supplemen- 
tal information). Therefore, most of the light probes the 
bulk. 

Analysis of optical reflectance |[T6l may use either 
Kramers -Kroning transformation or fits to a model such as 
the Drude-Lorentz model in order to estimate other opti- 
cal quantities, such as the optical conductivity cr(w). Here 
we have fit 1Z(uj) with the Drude-Lorentz model and the 
result is shown in Fig. [4] as the dash-dot line. The corre- 
sponding Drude contribution to the conductivity Ci(w) = 
<7b/(l+u; 2 T b 2 ) is shown in the inset. (The Kramers-Kronig- 
derived conductivity is very similar.) The lattice vibrations 
and interband transitions seen in Fig. [4] will be discussed in 
a separate work, here we focus on the free-carrier contri- 
bution to (7i(u>). From the fit we obtain the scattering rate 
l/n = 118 ± 5 cm" 1 (t 6 w 4.5 x 10~ 14 s), the plasma 
frequency oj p = 3030 cm^ 1 (~ 6 x 10 14 rad/s) and, hence, 
the bulk conductivity a h = 1300 ± 80 r^cm -1 . 

It is worth noticing that the sheet conductance associ- 
ated with the bulk would be, for our sample thickness of 
d = 85 ± 15 /um, G bD ra 10 fT 1 (R bD « 0.1 Q). The 
bulk conductance is four orders of magnitude larger than 
the surface conductance, implying that most of the trans- 
port properties are dominated by the bulk carriers. We may 
therefore use the Hall resistance to determine the bulk car- 
rier concentration. In Fig. 1(b), from a direct fit of the low 
field region, we find the slope (dR xy /dB) = Ru/d = 
— 2.1 mf2/T, where R H = \j{n h e) is the Hall coeffi- 
cient and d is sample thickness given above. The negative 
sign indicates that carriers are electrons. Hence, the bulk 



carrier concentration is n& = (5.8 ±1.0) x 10 19 cm -3 . 
Based on this value, we estimate that quantum oscilla- 
tions originating from the bulk should have a frequency 
F ~ 580T (not accounting for the Rasba spin-splitting), 
which is about twice the value that we attribute to the sur- 
face. The likely reason for not detecting this additional 
frequency in the Shubnikov-de Haas effect is the lower 
mobility of the bulk carriers. From the plasma frequency 
w p = n^e 2 1 (m£e ), where e is the free space permittivity, 
the bulk effective mass is ml ~ 0.5m , which is almost 
three times larger than that of the surface carriers. As a 
consequence, given that the scattering rates obtained ear- 
lier are very similar (see Table 1), the obtained bulk mobil- 
ity fj>b = eTb/ml Rj 150 cm 2 /(V-s) is almost three times 
smaller than that of the surface. Therefore, it would require 
about three times larger magnetic field to detect quantum 
oscillations from the bulk carriers. The carrier parameters 
are summarized in Table [J 

In conclusion, we have established the existence of sur- 
face electronic states in BiTel from Shubnikov-de Haas os- 
cillations. Combining with optical spectroscopy, we fully 
resolve the electronic properties of both surface and bulk 
carriers (Table 1). We found that, while the scattering rates 
are very similar, the surface carriers are almost three times 
lighter, therefore they have almost three times higher mo- 
bility. 
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